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SUMMARY

The deficiency of β-galactosylceramidase causes a lysosomal leukodystrophy, known as Krabbe disease 
(KD), resulting in elevated psychosine (PSY) levels, which are highly cytotoxic to myelin-forming cells. 2-hy-

droxypropyl-α-CD (HPaCD), a cyclic-oligosaccharide containing a lipophilic central cavity and hydrophilic 
outer surfaces, significantly reduces PSY cytotoxicity in cultured KD patient cells. Further 1 H-NMR studies 
revealed stronger interactions between HPaCD and PSY. Regarding safety, HPaCD-treated mice showed 
no electrophysiological and histological ototoxicity signs. In the murine KD model, HPaCD improved neuro-

behavior and reduced PSY levels in the CNS and PNS. The reduction of astrogliosis, increased myelin basic 
protein, and improvements in PNS axonal-myelin morphometrics were also observed in HPaCD-treated 
mice. In summary, this is an innovative therapeutic approach that leverages HPaCD’s dual properties of 
molecularly shielding and neutralizing PSY and facilitating its CNS and PNS clearance. Since several newborn 
screening programs currently include KD, HPaCD becomes highly important as an adjunctive/bridge therapy 
for improving outcomes in this devastating disorder.

INTRODUCTION

Globoid-cell leukodystrophy, also known as Krabbe disease 

(KD), is a neuronopathic lysosomal disorder caused by the defi-

ciency of lysosomal β-galactosylceramidase (Galc) secondary to 

biallelic pathogenic variants in the Galc gene. Because of the 

Galc deficiency, the degradation of its two primary galactosphin-

golipid substrates, galactosylceramide (GalCer) and psychosine 

(galactosylsphingosine), are found at increased levels in the ner-

vous system. 1 The GalCer accumulation in macrophages and 

microglia results in the pathological hallmark of KD: multinucle-

ated histiocytes known as globoid cells, initially described in 

the central nervous system (CNS). 2 Whereas psychosine (PSY) 

is highly toxic to myelin-forming cells, such as oligodendrocytes 

and Schwann cells, in the CNS and peripheral nervous system 

(PNS), respectively. Previous studies have shown that PSY dis-

rupts the architecture and composition of lipid rafts and activates 

apoptotic pathways that ultimately lead to demyelination. 3–7 

Among the clinical forms, the infantile KD is the most prevalent, 

known as ‘‘classic,’’ and subdivided into early- and late-infantile, 

with disease onset before or after six months, respectively, and

with a relatively homogenous disease progression. 8,9 More 

recent data indicate that the infantile KD clinical form represents 

∼70% of affected patients, and 30% with later disease onset 

from childhood to adulthood. 8,10 Slower progressive clinical 

forms with later disease onset of KD are less clinically character-

ized and systematically investigated, and may be misdiagnosed 

and their prevalence underestimated. 10,11 In terms of treatment, 

hematopoietic stem cell transplantation (HSCT) is the current 

mainstay therapy for delaying disease progression and extend-

ing the lifetime of patients diagnosed with early-onset forms of 

KD. HSCT brings the best outcomes when performed before 

the onset of symptoms. 12,13 In addition to being a possible 

source of Galc, HSCT may exert a neuroprotective effect by 

reducing neuroinflammation. 14,15 Despite comorbidities, HSCT 

slows the rate of disease progression and improves CNS pathol-

ogy, while a less significant effect is observed in the PNS, 

possibly due to the limited cross-correction of Schwann 

cells. 16–18 The development of engineered adeno-associated vi-

rus (AAV) capsids capable of penetrating the blood-brain 

barrier (BBB) supports two AAV-based clinical trials for KD 

(NCT04771416 and NCT05739643/NCT06308718), which were
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recently launched. 19 The NCT04771416 study is assessing the 

efficacy of GALC delivery into the cisterna magna using a 

modified AAV9 vector. Meanwhile, the NCT05739643 trial exam-

ines the combined effect of HSCT and GALC intravenously (i.v.) 

delivery using AAVrh10. Unfortunately, due to funding con-

straints, the NCT04771416 study has been suspended. The 

NCT05739643/NCT06308718 studies are currently active but 

not recruiting.

The cyclodextrins (CDs) are cyclic oligosaccharides composed 

of six, seven, or eight α-D-glycopyronosyl units linked by α(1->4) 

bonds assembled in a ring configuration, forming lipophilic central 

cavities and hydrophilic outer surfaces. These molecules are 

traditionally used as excipients and absorption enhancers for 

hydrophobic molecules. 20 Among different CD derivatives, 

2-hydroxypropyl-β-cyclodextrin (HPbCD) has shown efficacy in 

Niemann-Pick Disease Type C1 (NPC1), a lysosomal neurodegen-

erative disorder, and is currently being evaluated in clinical 

trials. 21–23 During in vivo experiments to characterize small mole-

cules identified in a cell-based LC-MS/MS throughput screening 

for psychosine-reducing molecules, 24 the Twitcher mice (Twi) 

receiving HPbCD-only (vehicle-control) showed a small but statis-

tically significant extension of the Twi lifespan, along with the pres-

ervation of myelinated fibers in the PNS. 25 The Twi is a naturally 

occurring C57BL/6 Galc twi/twi mouse that reliably recapitulates 

the early-onset neurological phenotype of KD, displaying GALC 

deficiency due to biallelic nonsense Galc variants, resulting in sec-

ondary PSY elevation. 26 As previously described, HPbCD has 

been used as a dissolvent to solubilize highly hydrophobic candi-

dates for murine experiments. 20 Despite not impacting the levels 

of PSY in the CNS and PNS, ultrastructural and morphometric 

studies showed statistically significant preservation of myelinated 

axons in the Twi Galc twi/twi mice receiving HPbCD-only. HPbCD 

and other CDs have been shown to cross the BBB at a slow 

rate via a non-saturable mechanism consistent with transcellular 

diffusion. 27 In addition, due to the reported effects on the lipid rafts 

microdomains of the BBB, 28–30 2-hydroxypropyl-α-CD (HPaCD) 

has a superior permeability than HPbCD, 2-hydroxypropyl-γ-CD 

(HPgCD), and heptakis(2,6-di-O-methyl)-βCD (DMbCD). 20,31 

Herein, based on the initial serendipitous observation of the 

impact of a CD molecule in the classical KD murine mode, 25 a se-

ries of experiments shows that HPaCD mitigates the cytotoxicity 

of PSY in cultured brain-derived cells, and exhibits significant in-

teractions with PSY, as confirmed by 1 H-NMR. Further in vivo 

studies suggest that HPaCD functions as a neutralizing agent of 

PSY, improving its clearance and potentially serving as a treat-

ment for KD. Furthermore, our findings should guide further 

studies on the structure-activity relationships of other CD analogs 

targeting PSY.

RESULTS

Screening classes of cyclodextrins with cytoprotective 

properties against psychosine

One of the CD analogs, HPbCD, has been shown to be effica-

cious in another neuronopathic lysosomal disorder, NPC1, an 

autosomal recessive inherited disorder caused by pathogenic 

variants in the NPC1 (95%) and NPC2 (∼5%) genes. 21,22 Using 

commercially available CDs, the cytoprotective effects of 

HPaCD, HPbCD, HPgCD, and DMbCD against PSY were exam-

ined (Figure 1). Minimal concentrations of PSY in culture media 

cause substantial cytotoxicity. 32 First, we selected cultured 

primary fibroblasts from a KD patient with the mutant GALC-

L224P/Δ30kb variant. Second, using these cells seeded into a 

96-well plate with ∼8,500 cells/well, a PSY cytotoxicity dose-

response was performed. KD primary fibroblasts were exposed 

for 24 h with PSY concentrations ranging from 0.031 to 250 μM 

(Figure S1). The PSY concentration of 65 μM in the culture 

medium after 24 h was selected for further experiments, as it 

resulted in 80–85% cell death (Figure S1). Based on previous as-

says to examine the cytotoxicity of CD analogs, KD patient pri-

mary fibroblasts were treated with seven concentrations of 

each CD analog, ranging from 0.014 to 30 mg/mL, for a 24-h 

period. Subsequently, cells underwent a ‘‘PSY challenge’’ by 

adding PSY at 65 μM into the culture media containing the CD 

analogs (or vehicle, containing PBS) for another 24h period 

(Figure 1A). After 24h exposure to PSY, cells were washed 

with PBS, fixed with paraformaldehyde (PFA, 4%), and stained

4 ′ ,6-diamidino-2-phenylindole for outcome of cell counts 

(Figure 1A). In the same experiment, another set of wells of the 

96-well plates contained cells only exposed to the vehicle of 

PSY, which served as a reference from which the % of remaining 

cells in different experimental conditions was calculated 

(Figure 1A). The HPaCD- and HPbCD-treated cells showed sub-

stantial cell survival at 3 to 30 mg/mL concentrations (Figures 1B 

and 1C). The CDs with larger molecular size cyclic rings, such as 

HPgCD and DMbCD, failed to show a dose-response pattern 

(Figures 1D and 1E).

2-hydroxypropyl-α-CD cytoprotective effects against 

psychosine

To confirm the cytoprotective effects of HPaCD against PSY, 

the calcein AM Blue (blue live-cell stain)/ethidium homodimer 

III (EthD-III; red dead-cell stain) cell survival assay was used to 

precisely ascertain the number of live and dead fibroblasts 

pre-treated with HPaCD, followed by the PSY challenge 

(Figure 2A). The non-fluorescent calcein AM permeates the 

intact fibroblast membrane and is converted into its fluorescent

Figure 1. KD patient cultured primary fibroblast evaluation of cyclodextrin (CD) analogs

(A) Psychosine Cellular Assay. First, primary fibroblast cells from a KD patient (GALC-L224P/Δ30kb) were established and seeded into 96-well plates at 

8,500 cells/well. After 12h, cells were treated with different concentrations of CDs (α (a), β(b), γ(g), and DM-b-CD, ranging from 0.04 to 30 mg/mL (n = 3 wells/ 

concentration). Vehicle-control was set as a reference (‘‘No CD’’). After 24 h of treatment, psychosine (PSY) at 65 μM was added to the culture media containing 

CDs at different concentrations. One set of wells (n = 6 wells) received vehicle only (no PSY) as a reference for the toxicity of CD compounds. The KD patient 

fibroblasts were exposed to PSY for 24 h followed by washing, fixation, and staining with 4 ′ ,6-diamidino-2-phenylindole for cell count under an automatic high-

content fluorescent microscope. Under 2-hydroxypropyl-α-cyclodextrin (HPaCD) (B), and 2-hydroxypropyl-β-cyclodextrin (HPbCD) (C) treatment, significantly 

higher cell numbers after the PSY ‘‘challenge’’ were noted. The CDs with a large ‘‘ring,’’ 2-hydroxypropyl− γ-cyclodextrin (HPgCD) (D), and heptakis(2,6-di-O-

methyl)-βCD (DM-b-CD) (E) failed to show a dose-response pattern. Data represent mean +/- S.D.; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2. HPaCD-psychosine protective effects in a KD 

patient primary fibroblast line using CalceinAM Blue and 

EthD-III assay

(A) Sketch of the cellular assay timeline in which the primary fibroblast 

KD cell line (GALC-L224P/Δ30kb) was treated with a range of 2-hy-

droxypropyl-α-cyclodextrin (HPaCD) concentrations (0.01–30 mg/mL) 

and then exposed to psychosine (PSY) at 65 μM. Each line represents 

a set of conditions. Two conditions were examined: HPaCD/PSY, in 

which HPaCD was removed during the PSY challenge phase. Another 

condition: HPaCD/HPaCD+PSY, in which HPaCD was maintained 

during the exposure to PSY (65 μM). In the condition of the PSY vehicle 

(last line), cells were exposed to PSY and only treated with the vehicle. 

CalceinAM (CalAM) Blue stains live cells as it emits fluorescence (ex/ 

em 360/445 nm) when converted to calcein by cellular esterases. 

Ethidium homodimer III (EthD-III) enters dead cells and binds to nucleic 

acids, producing red fluorescence in dead cells (ex/em 530/645 nm). 

Cultured fibroblasts from a KD patient (GALC-L224P/D30kb) were 

seeded in 96-well plates and pre-treated with 7.5, 15, and 30 mg/mL 

over 24 hs, followed by PSY challenge (65 μM). Each concentration 

shown represents an average of 6 wells from 96-well plates. KD patient 

cells were either left with HPaCD after the pre-condition treatment (B 

and D) or removed (C and E) before the PSY challenge. The histograms 

in panels B and C represent the percentage (%) of live cells/well for 

both HPaCD/PSY+aCD and HPaCD/PSY conditions in reference to 

cells exposed to media only. The histograms in panels D and E 

represent the percentage (%) of dead cells/well for both described 

conditions, compared to cells exposed to media only. Representative 

wells containing cells pre-conditioned with HPaCD and exposed to 

PSY, with the HPaCD remaining in the media (F), or removed by 

switching to media containing PSY only, are shown (G). Representa-

tive wells that were not preconditioned (receiving media) and exposed 

to vehicle (H) and PSY (I) are shown. Data represent by mean +/- S.D.; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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form by intracellular esterases. 33 Thus, live primary cultured fi-

broblasts are indicated by the intensity of blue fluorescence in 

the cytosol (ex360 nm/em445 nm). EthD-III is virtually nonfluo-

rescent and impermeant to intact fibroblastss plasma mem-

brane. In the event of compromised cell membrane integrity 

associated with apoptosis, EthD-III enters cells and binds to 

nucleic acids, resulting in red fluorescence in dead cells (ex 

530 nm/em 645 nm). In 96-well plates, HPaCD significantly 

increased the cell survival of KD patient fibroblasts after expo-

sure to PSY at 65 μM (Figures 2B and 2C). Under the PSY chal-

lenge, only 20–25% of cells are detected alive (Figures 2B–2E, 

and 2I) compared to the vehicle control (Figures 2B–2E, and 

2H). When the HPaCD remained in media during 65 μM PSY 

exposure, significantly higher live-cell numbers and lower 

dead-cell numbers were noted at concentrations from 7.5 to 

30 mg/mL (Figures 2B, 2D, and 2F). In contrast, when pre-condi-

tioning the cells by treating them with HPaCD and removing it 

before PSY exposure, a dose-response is observed, with the 

highest live-cell number and lowest dead-cell number at 

30 mg/mL of HPaCD (Figures 2C, 2E, and 2G). These experi-

ments confirmed the cytoprotective effects of HPaCD, remark-

ably when the cyclic molecule remained in the media pre- and 

during the PSY exposure (Figures 2B, 2D, and 2F).

2-hydroxypropyl-α-CD promotes intracellular clearance 

of psychosine

To examine whether HPaCD can reduce intracellular PSY levels, 

an established cell line derived from neonatal cortical brain tis-

sue from the murine KD model (Twi Galc twi/twi ), developed and 

characterized by our group, was utilized. 24 The neuroglial Twi 

Galc twi/twi cell line, 145M-Twi, showed significantly higher 

levels of intracellular PSY in comparison to the respective control 

cell line 145C-WT, which is derived from C57BL6 wild-type 

Galc wt/wt newborn mice, as previously described. 24 Both cell 

lines expressed oligodendrocyte matured markers (Galc), and 

also glial progenitor markers (A2B5), 24 The 145M-Twi cells 

showed biochemical and cellular disturbances related to GLD 

neuropathogenesis, including remarkable caspase-3 activation, 

expansion of the lysosomal compartment, and increased intra-

cellular PSY levels 24 (Figure S2A). At the same concentrations 

at which HPaCD showed cytoprotective properties against 

PSY, in a dose-response pattern, the 145M-Twi cells showed 

statistically significant reductions in their intracellular PSY levels 

after a 72-h treatment period (Figure S2B).

Cavity size-dependent stoichiometry of molecular 

interactions of cyclodextrins and psychosine

To investigate the potential molecular interactions of PSY with 

the cyclic oligosaccharides of different cavity sizes comprised 

of six (α), seven (β), or eight (γ) α-D-glycopyronosyl units, a 1 H-

NMR assessment of the cytotoxic sphingolipid was performed 

in the presence of different CD analogs (Figure 3). The 1 H-NMR 

spectra were obtained in a potassium phosphate buffer, pH

∼7, in D 2 O containing 5% deuterated methanol to promote the 

dissolution of PSY (50 μM). The region of the spectra showing 

the vinyl protons of PSY is highlighted in the red box and is 

demonstrated in Figure 3A. The spectra of PSY alone, and 

PSY plus a slight excess of HPgCD (70 μM), with the largest

CD cavity inner size, are virtually identical, showing no bi-molec-

ular association (Figure 3B). In contrast, the addition of the other 

CDs, also at 70 μM, DMbCD, HPbCD, and HPaCD, produces 

detectable chemical shifts of the PSY vinyl protons (Figure 3B), 

indicating that they form complexes with the glycosphingolipid 

PSY. The vinyl proton signals in the presence of the DMbCD, 

HPbCD, and HPaCD are more intense than those in the sample 

with PSY alone or in the presence of HPgCD (Figure 3B). These 

findings show that PSY is not fully dissolved without binding to 

CD, and the binding leads to a higher concentration of PSY in 

the solution. Additional 1 H-NMR studies were carried out in the 

presence of a lower concentration of PSY (20 μM), which is close 

to the limit of detection of this lipid. The addition of 30 or 50 μM 

DMbCD produces identical chemical shifts of the PSY vinyl pro-

ton chemical shift values, showing that all the PSY is bound in the 

presence of this CD at those concentrations. These results indi-

cate that the dissociation equilibrium constant for the complex of 

PSY with the three CDs is less than 20 μM. The exact values of 

the dissociation constants could not be obtained due to the 

limited detection of PSY by proton 1 H-NMR under these low 

concentrations. In summary, among the CD analogs, HPaCD, 

with the smallest inner hydrophobic cavity, exhibited the most 

pronounced chemical shift among the CD analogs tested 

(Figure 3B), including DMbCD and HPbCD, which have interme-

diate but larger cavity sizes. 20,34

1 H-NMR titration of psychosine with 2-hydroxypropyl-

α-CD

To further confirm the molecular interactions between PSY and 

HPaCD, a 1 H-NMR titration experiment was performed using a 

fixed PSY concentration (2.2 mM) and HPaCD as the titrant. 

The 1 H-NMR titration allows for the monitoring of the chemical 

shifts of specific protons within PSY (labeled in red letters in 

Figure 4A) as HPaCD (titrant) is added to the PSY solution (in 

D 2 O) from a stock solution (6.6 mM). The 1 H-NMR was obtained 

from PSY at 17 different aliquots of HPaCD, whose concentra-

tions ranged from 0.1 to 3.0 equivalents (Eq; Figure 4). As gradual 

increases of HPaCD are added to the PSY solution (2.2 mM), the 

peaks representing the protons of PSY are observed to increase, 

and those showing more significant chemical shifts are high-

lighted (yellow) in the titration spectra depicted in Figure 4B. 

While the vinyl protons H e and H d showed some minimal shifts 

with much-increased intensity (due to enhanced solubility), the 

protons H b (linked to the carbon that bears the free NH 2 ), H c 
(bound to OH − ), H f (methylene protons next to the alkene) and 

the terminal H r methyl protons showed noticeable changes in 

chemical shifts (Figures 4A and 4B). In addition, the remaining 

methylene protons H g -H q of the sphingosine, located throughout 

the long carbon chain, showed significant changes in chemical 

shifts, indicating the interactions with the HPaCD cavity take 

place mainly at the proximal aliphatic carbon chain of PSY 

(Figures 4A and 4B). It should be mentioned that, as the molar 

amount of HPaCD added to the PSY solution surpasses the 

2:1 ratio, no significant changes in signals of PSY can be 

observed in the 1 H-NMR spectra (spectra 17–18). Given that

the height of the HPaCD funnel measures 7.8 A ˚ (Figure 4C),

and because of the chemical shifts mapping provided by the
1 H-NMR titration study (Figures 4A and 4B), the proposed model
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of the PSY: HPaCD complexation is dynamically interchanging 

from 1:1 to 1:2 (Figure 4D). Based on the 1 H-NMR cavity size-

dependent stoichiometry, and HPbCD inability to reduce PSY 

levels in the CNS and PNS tissues Galc twi/twi murine model, as 

in previous reported studies, 25 HPaCD was selected for subse-

quent investigations.

Confirmation in Krabbe disease patient 

oligodendrocytes derived from human induced-

neuronal stem cells

Based on the methods described earlier, 35–37 human induced-

neural stem cells (hiNSCs) were established from patients with 

KD with specific clinical forms, including early- and late-onset

Figure 3. Proton-NMR of psychosine in the 

presence of cyclodextrins (CDs) derivatives

(A) Region of the proton-NMR spectra showing the 

two vinyl protons of psychosine at chemical shift

∼5.8 ppm and ∼5.4 ppm (red box).

(B) Psychosine (PSY) at 50 μM and in the presence 

of 70 mM cyclodextrin heptakis(2,6-di-O-methyl)- 

βCD (DM-b-CD); 70 mM 2-hydroxypropyl-

β-cyclodextrin (HPbCD); 70 mM 2-hydroxypropyl-

γ-cyclodextrin (HPgCD); 70 mM 2-hydroxypropyl-

α-cyclodextrin (HPaCD). Significant chemical 

shifts of PSY were observed at 5.8 ppm (blue ar-

row; blue dashed box) and 5.4 ppm (red arrow; red 

dashed box) in the presence of HPaCD.

KD. Leveraging the KD patient-derived 

iNSC cell lines established, a sufficient 

number of mature oligodendrocyte 

cells were generated. The hiNSC-

derived oligodendrocytes have been 

shown to reliably recapitulate several 

pathogenic signaling pathways of 

neurodegenerative disorders. hiNSCs 

generated from primary fibroblasts of 

patients with KD were used to charac-

terize small molecules in neurologically 

relevant KD patient-cell lines. 38 Mea-

surements of intracellular PSY levels of 

the cultured hiNSC-derived oligoden-

drocytes (Oligos) were done by LC-

MS/MS as previously described 24,39 

(Figure S3). Intracellular PSY is unde-

tectable in primary skin fibroblasts 

from patients with KD. 24 Therefore, the 

hiNSC-derived Oligos from patients 

with KD serve as a powerful tool for 

investigating the HPaCD’s potential to 

neutralize PSY cytotoxicity. Over time, 

in cultured conditions, hiNSC-derived 

differentiated Oligos showed a signifi-

cant increase in intracellular PSY levels 

compared with controls (Figure S3). 

HPaCD demonstrated robust cytopro-

tection in cultured iNSC-derived Oligos 

from patients with KD (Figures S4C 

and S4D). The conversion rate to mature Oligos was ∼40– 

50%, slightly higher than in previous studies on which we 

based the conversion protocol. 40,41 Using immunostaining 

for myelin-basic protein (MBP), we determined the percentage 

of mature Oligos (MBP-positive cells) survival when treated 

with different HPaCD concentrations (Figures S4E and S4F). 

Interestingly, the KD patient iNSC-derived Oligos, character-

ized by higher levels of mature Oligo markers (Figures S4A 

and S4B), were highly sensitive to PSY cytotoxicity, with 

1 μM sufficient to cause ∼50% cell death (Figure S4C). For 

this reason, HPaCD concentrations ranging from 3.3 to 

30 μg/mL showed a dose-dependent reduction in cell death 

upon exposure to PSY (1 μM; Figure S4).
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Plasma, metabolic stability, and central nervous system 

biodistribution

As in other neurological disorders, drug candidates for KD 

must cross the BBB to achieve CNS penetration and ensure 

efficacy. Recent studies showed that CDs cross the BBB in 

small amounts via a non-saturable mechanism, with variable 

uptake among different CNS regions, which is attenuated by 

a brain-to-blood efflux system. 20,27,31 To assess the potential 

of HPaCD in generating adequate CNS biodistribution, FITC-

labeled αCD (named PZ11081) was synthesized, as depicted 

in the synthesis route in Figure S5. Quality-control analysis 

of FITC-labeled αCD was performed (Figures S6A–S6C), 

demonstrating the prevalence of dianion isoform (i.e., 

structure 5’; Figure S6A). The in vivo studies with FITC-labeled

αCD were conducted in the murine KD model, Twi Galc twi/twi .

Because immediate bioavailability is necessary to determine

Figure 4. 1 H-NMR titration of psychosine in 

the presence of 2-hydroxypropyl− α-cyclo-

dextrin (HPaCD)

(A) Psychosine (PSY) molecular structure with car-

bons labeled in red letters.

(B) 1 H-NMR titration spectra from an experiment 

with PSY (1.0 mg, 2.2 mmol) in D 2 O (1.0 mL) 

exposed to various HPaCD concentrations ranging 

from 0 to 3 Equiv.(eq), resulting in the correspond-

ing 1 H-NMR spectra from 1 (0 eq HPaCD), 2–11 

(0.1 eq HPaCD per aliquot), 12–16 (0.2 eq HPaCD 

per aliquot) to 17–18 (5 eq HPaCD per aliquot) – 

numbers stated in the right side of panel B. The 

protons are indicated in ‘‘H,’’ just below the spectra 

and above the f1 (ppm) axis, with red letters refer-

ring to the corresponding carbon of the PSY 

structure (A). The yellow-highlighted peaks are the 

sphingosine protons (Hc-Hr) of PSY that undergo 

gradual shifts upon the addition of an increasing 

amount of HPaCD. No significant changes were 

observed after a total of ∼2.0 eq of HPaCD were 

added to the solution.

(C) The molecular structure of HPaCD was used in 

the study with an average degree of substitutions 

(DS: ∼3.6).

(D) Proposed 1:2 inclusion model between PSY and 

HPαCD; the formation of PSY/HPaCD inclusion 

complexes is dynamically interchanging between 

1:1 and 1:2.

(E) A docked model of 1:2 PSY/HPaCD inclusion 

complex.

the intrinsic properties of HPaCD in 

achieving the CNS, 42–44 the intravenous 

route was chosen for the CNS bio-

distribution assessment. A 50 mg/kg 

dose of the FITC-labeled αCD was 

administered intravenously (IV) for 

the six mice assessed at each time 

point. A peak was noted at 1 h, and 

sustained levels were observed after 

4 h (Figure S6D). After the last time 

point at 24h post-IV injection, mice 

were euthanized, and whole-body 

perfused with heparinized saline (NaCl 0.9% with 10,000 IU/ 

L of heparin). In post-perfused brain specimens, FITC-labeled 

αCD measurements were consistent with plasma levels 

(Figure S6D), and sustained CNS drug concentrations were 

observed 4 h after IV administration (Figure S6E).

Effects of 2-hydroxypropyl-α-cyclodextrins in the 

central nervous system and peripheral nervous system 

Based on previous in vivo studies on another CD, 45–48 the 

estimated dosing and in vivo efficacy of HPaCD in the Twi 

Galc twi/twi were evaluated. A cohort of fifteen Twi mice was 

treated at 5,000 mg/kg intraperitoneal (IP) injections daily 

from postnatal days (PNDs) 2–3 of life until PNDs 36–38. 

The IP route for the in vivo experiments was chosen primarily 

due to its ability to achieve rapid absorption and widespread 

distribution, similar to the IV route, and its suitability for
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chronic and repeated administrations. 49 Another cohort of ten 

Twi Galc twi/twi mice received only the vehicle (phosphate-buff-

ered saline, PBS) used to dissolve HPaCD. After treatment, 

mice were perfused, and their brains were dissected for 

lipid extractions for PSY measurements by LC/MS/MS, 

and immunohistochemistry assays were then performed.

The HPaCD-treated Twi Galc twi/twi mice showed statistically 

significant decreases in PSY levels in both CNS (brain and 

spinal cord; Figures 5A and 5B) and PNS, represented 

by the sciatic nerves (Figure 5C). PSY levels from the 

identical specimens harvested from WT controls, perfused 

and euthanized at PND 36–38, are also shown for reference

Figure 5. Effects of the HPaCD on the CNS and PNS psychosine levels, brain myelin markers, and astrocyte

Since postnatal day (PND) 2, a group of Twi Galc twi/twi (Twi) mice were treated with 5,000 mg/kg of 2-hydroxypropyl-a-cyclodextrin (HPaCD) intraperitoneal (IP) 

daily injections. The HPaCD-treated cohort showed a significant reduction of the psychosine (PSY) levels in brain (A), spinal cord (B), and sciatic nerve 

(C) specimens in comparison to those of Twi mice receiving vehicle (Twi-veh) only. PSY levels were normalized for the dry weight of the lipid extraction specimen 

and the total body weight of each mouse.

(D–F) Immunohistochemistry for myelin-basic protein (MBP) showed increased protein levels in white matter regions, particularly cerebellum arboe vitae (orange 

square) in brain sagittal sections of HPaCD-treated Twi mice compared to the Twi-veh cohort.

(G–I) Using a specific antibody for Glial Fibrillary Acidic Protein (GFAP) to identify astrocytes, reduction of the number and density of astrocytes was observed in 

the HPaCD-treated Twi (G) in comparison to the Veh-treated cohort (H), especially in the hindbrain (yellow squares) and arbor vitae of the cerebellum (orange 

squares). Yellow squares indicate the hindbrain regions, and orange squares indicate the cerebellum regions of the depicted brain sagittal sections. The age-

matched WT mice showed few GFAP-positive cells throughout the brain (I). Higher magnification images of the arbor vitae are shown in panels and respective 

subpanels: L (Veh-treated Twi mouse), M (HPaCD-treated Twi mouse), and N (WT control). Higher magnification images of the hindbrain are shown in panels P 

(Veh-treated Twi mouse), Q (HPaCD-treated Twi mouse), and R (WT control). Quantification of astrocytes (GFAP-positive cells) in the arbor vitae (O) and hindbrain 

(S) from HPaCD-treated and veh-treated groups. Brain sagittal sections from each group were analyzed. Fifteen mice (7M;8F) were treated with HPaCD, and 

twelve (6M; 6F) were included in the vehicle group. Three wild-type mice (WT) were placed as control references. Data represent mean +/- S.E.M; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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(Figures 5A–5C). Interestingly, concomitant with the reduc-

tions of PSY levels in the CNS and PNS recorded with the 

HPCaCD treatment, statistically significant elevations of PSY 

levels in the plasma of the HPaCD-treated mice were also 

noted (Figure 5D). Correspondent improvements in CNS 

myelin preservation with increased MBP levels in several 

areas of myelin, including the arbor vitae (cerebellum) in the 

HPaCD-treated group (Figures 5F and 5H), when compared 

to vehicle-treated (Figures 5E and 5H). Reductions of the as-

trogliosis were observed in several white matter areas, most 

significantly in the hindbrain (Figures 5J, 5Q) and arbor vitae 

(Figures 5J and 5M) of the HPaCD-treated compared to 

vehicle-control mice (hindbrain: Figures 5I and 5P; arbor vitae; 

Figures 5I and 5L). Brains from the WT control group are 

shown as a reference (Figures 5G, 5K, 5N, and 5R). In the spe-

cific cell-counting analysis, HPaCD showed a significant 

decrease in astrocytes (GFAP-positive cells) in the hindbrain 

(Figure 5O) and the cerebellar arbor vitae areas of the Twi 

brain (Figure 5S).

Assessment of the potential ototoxicity of 

2-hydroxypropyl-α-cyclodextrins

Given the risk of ototoxicity inherent to CD molecules, we exam-

ined a cohort of 8-week-old C57BL6/J Galc wt/wt mice, the same 

background as the Twi mice. Eight mice (4 males and 4 females) 

received HPaCD at 5,000 mg/kg SC daily, and eight (4 males and

4 females) received vehicle (PBS). After 2 weeks, mice under-

went acoustic startle and prepulse inhibition evaluations, whose 

amplitude responses (mV) showed no statistically significant dif-

ferences between the HPaCD- and vehicle-treated groups 

(Figure S7A). After euthanasia and whole-body perfusion, each 

HPaCD-treated and age-matched control had the cochlear 

neurosensory epithelium (organ of Corti) dissected for immuno-

histochemistry assays to assess the integrity of the inner ear 

structures, as previously described. 50 The preservation of the 

single row of inner hair cells (IHCs) and, more importantly, 

the three layers of outer hair cells (OHCs) was observed in the 

HPaCD-treated mice group (Figure S7B). The SOX2-stained-

positive supporting cells (SC) were intact in the HPaCD-treated 

group (Figure S7C). No statistically significant differences were 

noted in the Myo7a- and Sox2-stained-positive cells counted 

in a 200 μm area of the cochlear neurosensory epithelium 

(Figure S7D). Notwithstanding these findings, the HPbCD coun-

terpart molecule traditionally causes severe hearing loss, selec-

tively causing loss of the OHCs after a week of drug treatment, as 

previously described. 51–53

2-Hydroxypropyl-α-cyclodextrins promotes clearance

of psychosine in the Twi murine model

To examine the fate of neutralized PSY by HPaCD, we measured 

PSY levels in urine and plasma samples from Twi mice treated 

with 5,000 mg IP injections daily from PND 30 to 37, 7 days. 

The urinary concentrations of PSY showed significant increases 

in urine specimens collected post-7 days of HPaCD treatment 

(Figure S8A). Correspondingly, Twi mice showed significant en-

hancements in urinary clearance of PSY (Figure S8B) under 

HPaCD treatment. In addition, the PSY concentration in the 

stools of the Twi mice declined significantly with HPaCD treat-

ment to levels not significantly different from the respective con-

trols (Figure S8C; p = 0.9391).

Impact of 2-hydroxypropyl-α-cyclodextrins on body 

weight gain of the Twi murine model

Body weight was measured three times a week for the WT, Twi 

HPaCD-treated, and Twi vehicle-treated mouse groups starting 

at PND2 (Figure 6A). Mouse groups included an equal proportion 

of males and females. The Twi HPaCD-treated cohort of mice 

showed a significantly higher weight gain than the vehicle-

treated groups (p < 0.01; Figure 6B).

Neurobehavioral and survival impact of 

2-hydroxypropyl-α-cyclodextrins

Several neurobehavioral assessments were performed to 

examine the efficacy of HPaCD in ameliorating the Twi 

neurobehavioral phenotype, including the rotarod, open-field, 

CatWalk, and Digital Ventilated Cage (DVC). In the study design, 

mice received 5,000 mg/kg of daily IP injections from PND 2 until 

being euthanized at PND 35. The video-tracking of individual 

mice was performed in this study to establish endpoints sensi-

tive to differences between the vehicle groups (Figure 6A). The 

Twi (Galc twi/twi ) treated with HPaCD showed statistically signifi-

cant improvement in different neurobehavioral assessment tools 

performed blindly in the mice cohorts (Figure 6). The DVC exam-

inations showed a statistically significant difference in the activity 

levels of the Twi mice, mainly at the circadian period of 12-22h 

(Figure 6C), consistent with the circadian activity of the murine

Figure 6. Neurobehavioral Assessments Improvements with 2-hydroxypropyl-α-cyclodextrin (HPaCD)

(A) In vivo study was designed to investigate the neurobehavioral effects of HPaCD in Twi Galc twi/twi . Mice were administered 5,000 mg/kg intraperitoneal daily 

until being euthanized at postnatal day (PND) 36, when they were euthanized for harvesting specimens of the brain, spinal cord, and sciatic nerves.

(B) Mice’s weights were recorded every two days during the trial, and significant differences were noted between HPaCD-treated and vehicle-treated groups. 

Mice were placed in the digital ventilated cage (DVC) to assess mouse activity from PND 23–29.

(C) At the initial assessment of PND 22, significant differences in mouse activity levels were noted from 12:000 to 22:00 h due to typically increased nocturnal 

activities. Therefore, mouse activity evaluation by DVC was performed during the selected period between PND 23–29, and activity is depicted in panel D. At PND 

27 and PND 35, mice underwent the rotarod (E and F), and open-field (G and H). For the rotarod, 3 trials were performed in PND 27 & 28 (E), and PND 35 & 36 (F). 

For the CatWalk, the Twi was only assessed at PND27, with measurements of body speed variation (I) and distance traveled (J). Survival analysis (K) was 

performed in a separate Twi-HPaCD- and veh-treated mice. For the body weight, 13 mice from each group were analyzed. For the mice activity (DVC), WT (n = 4); 

Twi+HPaCD (n = 5); Twi+Veh (n = 5) were analyzed. For the rotarod, WT (n = 3), Twi+HPaCD (n = 12 for PND 27; n = 6, PND35), Twi+Veh (n = 12 at PND27; n = 13 at 

PND13) were analzyed. Fifteen mice (7M;8F) were treated with HPaCD, and twelve (6M; 6F) were included in the vehicle group. Twelve wild-type mice (WT; 6M; 

6F) were followed as control references during each assessment. For the survival analysis, n = 16/group (8M; 8F) were used. Survival analysis was performed 

using the log rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests, with p-values of 0.0081 and 0.0044, respectively. Data represent mean +/- S.E.M.; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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species. 54,55 This period was then selected to monitor the mice 

in DVC cages between PND 23 and 29. The Twi-HPaCD-treated 

cohort showed significantly higher activity measurements in 

DVC cages than the vehicle-treated cohort (Figure 6D). In the ro-

tarod evaluations, the mice cohort receiving HPaCD showed 

significantly longer latency to fall time in comparison with the 

cohort receiving vehicle-only at PND 27 (Figure 6E) and 35 

(Figure 6F) time points. In the open field assessment, the 

HPaCD-treated mice had significantly longer horizontal travel 

distances, measured at both time points (PND 27 and 35; 

Figure 6G). In addition, the HPaCD-treated mice demonstrated 

significantly higher vertical activity than the vehicle-treated 

group at PND 27 and PND 35 (Figure 6H). In the CatWalk XT as-

sessments, the body speed variation, which represents fluctua-

tions in mouse walking speed depending on each limb, 56,57 was 

chosen as a demyelinating disorder, significant differences were 

expected and observed from Twi in comparison to the age-

matched WT mice (Figure 6I). The HPaCD-treated cohort 

showed significantly lower body speed variations at both right 

and left forelimbs compared to the vehicle-treated cohort 

(Figure 6I). The phase dispersion parameter of the CatWalk XT 

analysis was also evaluated as a significant phase dispersion 

measure suggests poor coordination – relevant to the murine 

model - between the compared paws. 56,57 Twi mice receiving 

HPaCD had significantly higher phase dispersions, more similar 

to the WT controls, indicating better gait coordination (Figure 6J). 

In a separate Twi mouse cohort, survival analysis revealed that 

HPaCD increased Twi mouse lifespan by a slight but significant 

number of days (Figure 6K).

2-Hydroxypropyl-α-cyclodextrins effects on the 

peripheral nervous system

Given the positive neurobehavioral effects of HPaCD, the PNS 

was also examined by harvesting sciatic nerves from Twi 

HPaCD-treated (n = 6; 3 males and 3 females), Twi vehicle-

treated (n = 6; 3 males and 3 females), and WT (n = 4; 2 males 

and 2 females) mice groups at PND 35–36. The specimens 

were imaged using transmission electron microscopy (TEM), fol-

lowed by axonal morphometric analysis (Figures 7A and 7C), 

which was performed using a deep-learning model for auto-

mated segmentation and histomorphometry of myelinated pe-

ripheral nerve fibers known as AxonDeepSeg (Figures 7B and 

7C). 58 In ultrastructural studies of the sciatic nerve, as previously 

reported, 59 Twi mice exhibited a decreased density of axonal 

myelinated fibers compared to WT nerves (Figure 7A and 

Table S1). HPaCD partially rescued the decreased myelin thick-

ness observed in the axons of Twi mice, as determined by mea-

surements (Figure 7E and Table S1). The mean myelin thickness 

was 0.6865 ± 0.0042 mm (mean ± S.E.) in the WT cohort and 

0.6297 ± 0.0019 mm (mean ± S.E.) in the TWI-Veh cohort 

(Table S1; p < 0.0001). The Twi-HPaCD cohort showed statisti-

cally significant thicker myelin than the Twi-Veh group 

(Figure 7E and Table S1; p < 0.0001). The myelin area was also 

significantly higher in the WT cohort, showing 6.5920 ± 

0.0727 mm 2 (mean ± S.E.) in comparison to the Twi-Veh, 

measuring 4.8790 ± 0.0287 mm 2 (mean ± S.E.; Figure 7F and 

Table S1; p < 0.0001). Meanwhile, when treating the Twi with 

HPaCD, significant increases in myelin area were observed 

(p < 0.05; Figure 7F and Table S1). In addition, the HPaCD treat-

ment significantly increased the axon-myelin area, which 

measured 7.680 ± 0.047 mm 2 (mean ± S.E.) in the Twi-HPaCD 

group and 7.214 ± 0.044 mm 2 in the Veh-treated group 

(mean ± S.E.; Figure 7G and Table S1; p < 0.0001). As previously 

described, 15,60 the G-ratio was significantly increased in the 

vehicle-treated Twi mice cohort at 0.6841 ± 0.0080 (mean ± 

S.E), in comparison to the WT mice cohort at 0.6256 ± 0.0129 

(mean ± S.E.; Figure 7H and Table S1; p < 0.01). The HPaCD 

treatment significantly reduced the g-ratio in the Twi mice to 

0.6500 ± 0.0090 (mean ± S.E.; p < 0.05), making it non-statisti-

cally different from the WT G-ratio (Figure 7H and Table S1). 

Other specific axonal morphometric measurements, including 

axonal diameter (Figure S9A), axonal perimeter (Figure S9B), 

and axon-myelin perimeter (Figure S9C), showed significant in-

creases in HPaCD-treated animals. Interestingly, axonal density 

did not differ significantly between the HPaCD-treated and 

vehicle-treated groups (Figure S9D). In summary, the data indi-

cate that HPaCD treatment enhances several ultrastructural 

morphometric parameters of the sciatic nerves in the KD murine 

model. HPaCD also showed evidence of improving the neuroin-

flammatory component in the PNS, as shown by reducing the 

number of multinucleated cells (KD globoid-cells) and macro-

phages along with TNFα levels in the sciatic nerves of the TWI-

treated mice (Figure S10).

DISCUSSION

Globoid-cell leukodystrophy, known as KD, is a progressive 

lysosomal leukodystrophy with limited disease-modifying treat-

ment options, particularly for patients who are already symptom-

atic or have late-onset KD. The current standard therapy with he-

matopoietic stem cell therapy (HSCT), which provides for Galc 

cross-correction and reduction of neuroinflammation, has

Figure 7. Effects of the 2-hydroxypropyl-α-cyclodextrin (HPaCD) in the peripheral nervous system examined by an automated deep-learning 

morphometrics model of axonal ultrastructural TEM images

(A) Representative ultra-structure transmission electron microscopy (TEM) of sciatic nerves of PND 35 mice wild-type C57BL6 (WT) and Twitcher (Twi-HPaCD, 

which were treated with 2-hydroxypropyl-α-cyclodextrin (HPaCD) or Twi-Vehicle (Twi-Veh), which received only saline. The first row shows lower-magnification 

TEM images of representative sciatic nerve bundle cross-sections.

(B) Automated axon/myelin segmentation of the cross-section is shown in A.

(C) Higher magnification of the region of interest from A.

(D) Higher magnification of the automated axon/myelin segmentation of the cross-section of panels A and B. Violin boxplot shows the following axon mor-

phometrics measurements, including myelin thickness (E), myelin area (F), axon-myelin area (G), and G-ratio (H) from the three mouse cohorts: WT, TWI-HPaCD, 

and TWI-Veh. Data represent mean ± S.E.M. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) of n = 4 control WT mice, n = 6 HPaCD-treated, and n = 6 TWI Veh-

treated. ns, not significant. The number of axons analyzed for each axonal morphometric parameter is as follows: wild-type (WT): 4,628; Twi-Veh: 24,192; Twi-

HPaCD: 25,371. Scale bars, 10 μm and 50 μm.
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inherent co-morbidities and efficacy that is mainly restricted 

to asymptomatic children with early onset clinical forms of 

KD. 12,13,61,62 Recently, the combination of HSCT with AAV-medi-

ated gene therapy has been shown to have synergistic effects in 

animal models of KD, 63 and is currently under long-term follow-

up in a clinical trial (NCT04693598).

Cyclodextrins (CDs) are cyclic oligosaccharides with α-(1,4)- 

linked D-glucopyranosyl units. The degree of polymerization is 

designated by Greek letters α, β, and γ, which designate cyclo-

dextrins containing 6, 7, and 8 glucose units, respectively. CDs 

were the first organic compounds found to form complexes 

with other organic molecules, as described by Cramer 

(1954). 64 The complexing ability of CDs results from the spatial 

arrangement of glucose moieties: the hydrophilic primary and 

secondary hydroxyl groups are located on the outer side of the 

circular, torus-shaped molecule, thereby rendering the inner 

side of the torus more lipophilic. 34 Hence, small lipophilic mole-

cules that fit in this ring as a ‘‘host,’’ may form an inclusion com-

plex (Figures 4C and 4D). However, the forces that stabilize these 

complexes are relatively weak, and the dissociation of the com-

plex usually occurs readily, even by adding an excess of water. 34 

Several CDs have been used therapeutically. Among the lyso-

somal diseases, HPbCD has shown efficacy in Niemann-Pick 

Disease Type C1 (NPC1), an inborn lysosomal disorder, and is 

currently being evaluated in clinical trials. 21–23 HPbCD mobilizes 

stored cholesterol in NPC1-deficient cells, improves neurobeha-

vioral function, and extends the lifespan of Npc1 − /− mice. 21–23 

Interestingly, more recently, HPbCD was shown to rescue the 

loss of OLIG2-positive cells in the corpus callosum of Npc1 − /− 

mice, suggesting concomitant improvement in oligodendrocyte 

cell lineage survival, maturation, and myelination, which is 

guided by an epigenetic cascade process. 23

Based on an initial serendipitous observation, 25 a series of 

cellular and 1 H-NMR experiments (Figures 3 and 4) showed that 

the cavity size-dependent stoichiometry of the CD-PSY complex 

impacts their cytoprotective effects (Figures 1 and 2). In previous 

work, HPbCD demonstrated statistically significant extension 

of survival and preservation of myelinated axonal fibers in the 

Twi mouse. 25 Further examination of other CDs showed that 

HPaCD, a cyclic-oligosaccharide assembled in a six-sugar ring 

configuration containing smaller lipophilic central cavities and hy-

drophilic outer surfaces, significantly prevents the cytotoxicity of 

the PSY in cultured KD patient-derived primary fibroblasts 

(Figure 2). In addition, in subsequent studies, clearance of the 

endogenous PSY observed in the neuroglial Twi mouse-derived 

cells (145M-Twi) 24 was observed (Figure S2). Even after removing 

the compound from the culture media, significant protection 

against PSY cytotoxicity was observed in a dose-response 

manner (Figures 2C and 2E). To further evaluate the impact on hu-

man neurologically relevant cells, using the CalAM/EtD-III assay, 

iNSC-derived Oligos from a KD patient showed significantly 

higher live-cell numbers (Figure S4).

Interestingly, mature iNSC-derived Oligos from patients with 

KD were more susceptible to PSY toxicity, and 1 μM was suffi-

cient to cause ∼50% cell death (Figure S4C). Therefore, the 

HPaCD concentrations of 3.3–30 μg/mL resulted in dose-

response toxicity when KD patient hiNSC-derived Oligo was 

exposed to 1 μM (Figure S4). In summary, the reported results

indicate that HPaCD promotes cytoprotection against PSY first 

in primary KD fibroblasts (Figure 1) and, subsequently, in 

iNSC-derived Oligos. This phenomenon is attributed to the 

neutralizing effects of HPaCD, which forms a complex with 

PSY (Figure 4). In addition, HPaCD carries dual properties in 

both neutralizing/shielding PSY (Figures 1, 2, and S4C) and pro-

moting its clearance (Figure S2), which can occur synergistically. 

This synergistic, rather than additive, effect of HPaCD may 

explain the nearly complete rescue of live cells at higher 

HPaCD concentrations. In addition, HPaCD may enhance the 

clearance of secondary sphingolipids, thereby improving lyso-

somal function in the setting of Galc deficiency in KD.

To investigate the molecular mechanism of action, further
1 H-NMR studies with different cavity-size CDs showed the 

most noticeable chemical shifts with the HPaCD molecule 

(Figures 3 and 4), indicating that HPaCD with six α-D-glucopyra-

nosyl units binds strongly and sequesters PSY, neutralizing its 

cytotoxicity effects as observed in prior cellular experiments 

(Figures 1, 2, and S4). Notably, the chemical shifts of vinyl proton 

signals (∼5.8 and ∼5.4 ppm) produced by HPbCD and DMbCD 

indicate a stoichiometric molecular interaction with PSY. Impor-

tantly, among the CD analogs, DMbCD has the highest choles-

terol affinity, binding, and extraction capacities. 65 Given these 

properties, in a cell culture environment, PSY molecules 

compete with abundant cholesterol molecules residing in cell 

membranes for binding to the inner hydrophobic cavity. The 

latter complexation can cause further cell cytotoxicity due to 

the extraction of membrane cholesterol. 65 Thus, DMbCD high-

cholesterol extraction capacity can result in the lack of a cyto-

protective dose-response of this CD analog, as observed in early 

PSY challenge cell experiments (Figure 1). Whereas HPbCD, 

with a superior chemical shift for both PSY vinyl protons in com-

parison to DMbCD (Figure 4B), shows evidence of better binding 

with PSY, though inferior to HPaCD, whose chemical shifts were 

the most pronounced among the CDs examined. Based on the
1 H-NMR spectra of PSY, HPaCD also showed prominent inter-

actions taking place with the methylene protons of the hydro-

phobic aliphatic chain (Figure 4B). Since HPaCD is a six α-D-glu-

copyranoside cyclic oligomer with an internal diameter of 

0.56 nm (Figure 4C), it is conceivable that PSY, a glycosylsphin-

goid consisting of sphingosine having a β-D-galactosyl residue 

attached at the 1-position, will interact with the straight chain 

region to form complexes. Interestingly, when attentively 

observing the 1 H-NMR titration spectra in Figure 4B, both the 

protons proximal to the galactose head group, such as H b , 

(NH 2 -bound), H c (OH-bound), H e, and H d (vinyl protons), and 

the terminal carbon (H r ) generated smaller but noticeable 

changes in chemical shifts (Figures 4A and 4B). In addition, the

C18 length of the sphingosine tail measures ∼27.7 A ˚ 66 and the

‘‘height’’ of the HPaCD is 7.8 A ˚ 34 (Figure 4C). Taken together,

these observations indicate and favor the 2:1 dynamic complex-

ation of HPaCD:PSY as depicted in Figure 4D.

Based on the 1 H-NMR results, a fluorescently labeled 

HPaCD was synthesized to allow the determination of CNS 

biodistribution (Figure S5). Given the challenges and level of 

complexity CDs can form with different lipids, 34 similar ap-

proaches using fluorescently labeled CDs to study pharmacoki-

netic properties have been previously performed. 67 The
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mono-FITC-labeled αCD, FITCαCD, existing in equilibrium be-

tween the open and spirocyclized forms (Figure S6A), showed 

a significant degree of purity by high-resolution mass spectrum 

at + ESI (Figures S6B and S6C). In the drug in vivo assessment, 

FITC-αCD showed stable levels both in plasma and in CNS after 

the initial peak after single-dose IV administration (Figures S6D 

and S6E). The results are consistent with previous studies 

demonstrating increased CNS bioavailability, particularly for 

αCDs. 20 Although the brain CNS levels are considered low 

(Figure S6E), it is important to note that the dose injected 

(50 mg/kg) is 100-fold lower than that used in subsequent 

studies (5,000 mg/kg). Thus, based on the latter dose of 

HPaCD used in subsequent studies, the CNS drug levels are ex-

pected to be higher than those achieved with the FITC-labeled 

αCD parent compound.

From our and others’ published studies, no detection and dif-

ferences in intracellular PSY levels are observed between the KD 

patient primary fibroblasts (such as the Galc-L224P/Δ30kb line) 

and healthy controls. 24,32 For this reason, we developed the PSY 

challenge assay by determining the critical PSY concentration 

(∼80uM) in the cultured media, after which only ∼20–35% of 

cells survive in cultured primary fibroblasts (Figure S1). In addi-

tion, a neuroglial line was established from brain cortices har-

vested from neonatal murine Galc twi/twi pups, named the 

145M-Twi cell line, which was previously described and charac-

terized. 24 The 145M-Twi cell line shows significantly elevated 

endogenous PSY levels compared to the corresponding control, 

145C-WT (Figure S2A). Thus, the 145M-Twi cells proved to be a 

robust immortalized cell line for examining intracellular PSY 

clearance in the presence of HPaCD, as shown in Figure S2B. 

The HPaCD functions both as a neutralizing agent (Figures 1 

and 2) and as a promoter of psychosine clearance 

(Figure S2B). Further along, in the in vivo experiments, the Twi 

murine model shows increased urinary clearance of PSY after 

HPaCD treatment (Figure S8). HPaCD was shown to impact 

the PSY levels in the CNS and PNS, significantly reducing its 

levels in the brain, spinal cord, and sciatic nerves from 

HPaCD-treated Twi mice (Figures 5A–5C). As per immunohisto-

chemistry assays, HPaCD significantly increased MBP 

(Figures 5F and 5H) and reduced astrocyte density in several 

brain regions (Figures 5J, 5Q, 5M, 5O and 5S). In addition, reduc-

tions in the numbers of multinucleated and macrophage cells 

were observed in sciatic nerve specimens from HPaCD-treated 

mouse groups (Figure S10). The ability of HPaCD to decrease 

PSY levels in the CNS and PNS is likely due to its dual mecha-

nism of action. Beyond the ability to ‘‘trap’’ and neutralize the 

cytotoxic properties of PSY, HPaCD also promotes PSY clear-

ance by increasing its solubility, resulting in decreased levels 

where it is most abundant, i.e., CNS and PNS. In fact, while 

the reductions of PSY levels were noted in CNS and PNS 

(Figures 5A–5C), concomitant increases of PSY levels in the 

plasma specimens of HPaCD-treated Twi mice were observed 

(Figure 5D), indicating PSY clearance from the nervous system. 

Along these lines, additional experiments demonstrated that 

HPaCD significantly increases urinary clearance of PSY, as 

shown in Figure S8. Interestingly, the levels of psychosine in 

stool specimens from Twi mice, significantly elevated compared 

with WT age-matched controls, decreased significantly over the

treatment period (Figure S8C), supporting the PSY urinary clear-

ance promoted by the HPaCD (Figure S8B).

HPaCD slightly prolonged the Twi lifespan (Figure 6K). Given 

the short lifespan and severity of the Twi murine KD model, the 

survival analysis, even though statistically significant (Figure 

6K), should be interpreted with caution regarding the therapeutic 

effect of HPaCD. Nevertheless, because of its dual mechanism 

of action, HPaCD requires a longer treatment duration, making 

the early-onset, short-lived Twi mouse an inadequate model 

for examining the impact of the molecule on survival. 68,69 

Consistent with the biochemistry and immunohistochemistry 

findings, improvements in several neurobehavioral parameters 

were observed (Figure 6). These phenotypic improvements 

were corroborated by the ultrastructural axonal morphometric 

analysis of sciatic nerves of the HPaCD-treated Twi (Figure 7). 

HPaCD showed to produce significant increases in myelin thick-

ness (Figure 7E), axon diameter (Figure S9A), myelin (Figure 7F), 

and axon-myelin areas (Figure 7G), axonal and axon-myelin pe-

rimeters (Figures S9B and S9C; Table S1). However, no signifi-

cant differences in axonal density were observed between the 

HPaCD-treated and vehicle-treated mouse groups (Figure S9D 

and Table S1). The latter observation is likely related to the signif-

icant increases in axonal diameter (Figure S9A) and axonal and 

axon-myelin areas (Figures 7F and 7G) in the HPaCD-treated 

mice, not necessarily altering the number of myelinated axons 

in the nerve fascicle area. The G-ratio is a quantitative measure 

of relative myelin thickness calculated by the ratio of the inner 

and outer diameters of the myelin sheath. Abnormalities in mye-

lination can occur in several neurological disorders, including 

multiple sclerosis, traumatic brain injury, and neurodegenerative 

diseases. 70,71 As previously reported, 15,60 the G-ratio was statis-

tically increased in the Twi compared to controls (Figure 7H and 

Table S1). HPaCD promoted significant decreases in the G-ratio 

of the Twi mice (Figure 7H and Table S1; p < 0.05), making this 

important morphometric parameter not statistically significant 

differs from WT age-matched controls (Figure 7H and 

Table S1;p = 0.316). The G-ratio increases in the Twi reflects 

the progressive axonopathy, operating in a ‘‘dying-back’’ 

pattern, caused by central neuronal dysfunction that occurs 

concomitantly with the demyelinating process in KD. 72,73 

Regarding safety, the lack of ototoxicity, a complication typi-

cally associated with other CDs, 74 can be a potential advantage 

of HPaCD on clinical grounds. Mice receiving HPaCD at 

5,000 mg/kg, the dose tested in the trials, showed no increase 

in electrophysiological alterations on the acoustic startle 

response (Figure S7A). In addition, the outer three-cell layer 

and the inner one-cell layer of hair cells of the cochlear epithe-

lium, as well as the number of support cells in the inner ear, re-

mained intact (Figures S7B and S7C). These findings are 

consistent with previous studies evaluating HPaCD for potential 

ototoxicity and studying the mechanism of HPbCD ototox-

icity. 74,75 Previously, HPaCD showed no genotoxicity in Ames 

tests, an in vivo mouse bone marrow micronucleus test. 76 No 

safety concerns were reported in subchronic (13-week) oral 

toxicity studies in rats and dogs, and embryotoxicity/teratoge-

nicity studies in rats 76 and rabbits. 77 The disposition of this 

substance was also studied in germ-free and conventional 

rats. 76
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Beyond the HSCT 12,17 and gene therapy 19,60,78,79 approaches, 

previous studies have utilized small molecules to target the PSY 

biosynthetic pathway, potentially serving as therapeutic agents 

for KD. 7,80 Other small molecules target several inflammatory 

and promyelinating signaling pathways that contribute to the 

pathogenesis of KD. 81–86 Similar to the approach reported here, 

hybrid nanoparticles composed of lecithin/chitosan were shown 

to prevent the PSY-induced cytotoxicity in cultured human astro-

cytes in vitro 87 . However, no in vivo studies using the classical KD 

models have been reported showing evidence of CNS bio-

distribution and efficacy. 87

In sum, this is an innovative therapeutic approach leveraging 

the properties of HPaCD to molecularly ‘‘shield’’ and neutralize 

the effects of elevated cytotoxic PSY levels, resulting in im-

provements in the classical murine KD model (Twi Galc twi/twi ). 

With a strong safety profile without causing ototoxicity, 

HPaCD becomes an attractive adjunctive and/or ‘‘bridge’’ ther-

apy in conjunction with the mainstay standard of care (HSCT), 

and upcoming treatments such as gene therapy. Of utmost 

importance, several newborn screening programs currently 

include KD, and an increasing number of individuals with late-

onset clinical forms of KD may benefit from early interven-

tion. 88,89 Therefore, the characterization and validation of 

HPaCD and emerging analogs become highly important 

adjunctive therapeutic options for improving outcomes in this 

devastating inborn white matter disorder.

Limitations of the study

The main limitation of the surrogate FITC-αCD molecule is that, 

despite achieving quantifiable levels in plasma and brain ex-

tracts from the murine KD model, the 50 mg/kg dose did not pro-

vide sufficient sensitivity to detect FITC-αCD molecules using in 

situ confocal and multiphoton microscopy. Thus, FICT-αCD 

does not enable the visualization of its brain biodistribution and 

specific cell penetration. The possibility that the drug adheres 

to endothelial cells cannot be strictly excluded, although the 

functional rescue of myelin-forming cells and the reduction of 

PSY in CNS and PNS suggest valid target engagement. In addi-

tion, the heterogeneity in iNSC conversion to Oligos is observed 

(Figure S4B), which may limit the interpretation of the results. For 

instance, two mature oligodendrocyte markers, MAG and OSP, 

showed discrepancies in their expression in cultured iNSC-

derived Oligos from a KD patient (Figure S4B). The OSP marker 

was identified as Claudin-11. 90 Claudins are transmembrane 

proteins that form tight junctions. OSP/Claudin-11 forms homo-

philic interactions, establishing tight junctions, which are essen-

tial for myelin sheath compaction and stability. 90 Thus, as OSP/ 

Claudin-11 promotes myelin sheath formation, it is expressed 

later in Oligo maturation, mostly during myelin sheath compac-

tion. 90,91 Since the iNSC-differentiation was not performed in 

co-culture with neurons or myelination nanofiber matrix, it is 

conceivable that the high MAG expression in the setting of low 

OSP expression indicates a particular stage of maturation of 

iNSC-derived Oligos. Finally, given the short lifespan and 

severity of the Twi murine KD model, and given the dual mecha-

nism of action of HPaCD, extending treatment duration in this 

model is not feasible for a thorough examination of the full effects 

of the proposed molecular therapeutic approach.
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Antibodies

Rabbit anti-glial fibrillary acidic 

protein (GFAP)

Encor Biotechnology Inc. catalog#RPCA-GFAP

Goat anti-myelin basic protein (MBP) Encor Biotechnology Inc. catalog# GPCA-MBP

Mouse monoclonal anti-myelin 

basic protein (MBP), aa 82–87

EMD Millipore-Sigma catalog# MAB386

Rabbit Polyclonal anti-Myosin-7A antibody Proteintech catalog#20720-1-AP

Goat Polyclonal anti-Sox2 antibody Santa Cruz Biotech. catalog#sc-17320

Chemicals, peptides, and recombinant proteins

Galactosyl(ß) Sphingosine (d18:1) AvantiResearch Catalog#860537; CAS#2238-90-6; MW 461.63

Galactosyl(β) Sphingosine-d5 AvantiResearch Cat# 330714; MW 466.663

2-Hydroxypropyl-α-cyclodextrin (HPaCD) Millipore-Sigma CAS#128446-33-3; Cat#390690; MW ∼1,380

2-Hydroxypropyl-β-cyclodextrin (HPbCD) Millipore-Sigma CAS#128446-35-5; Cat# 332593; MW ∼1,460

2-Hydroxypropyl-γ-cyclodextrin (HPgCD) Millipore-Sigma CAS#128446-34-4; Cat# 779229; MW ∼1,580

heptakis(2,6-di-O-methyl)-βCD (DM-b-CD) Millipore-Sigma CAS#128446-34-4; Cat# 51166-71-3; MW ∼1,580

FITC-αCD conjugate 6 (PZ11080) This paper N/A

heptakis(2,6-di-O-methyl)-βCD (DM-b-CD) - Millipore-Sigma CAS#128446-34-4; Cat# 51166-71-3; MW ∼1,580

FITC-αCD conjugate 6 (PZ11080) This paper N/A

Human dermal fibroblast Nucleofector kit Lonza Cat#VAPD-1001

Advanced DMEM/F-12 Life Technologies Cat#12634-028

Neurobasal medium Life Technologies Cat#21103-049

Lysophosphatidic acid Santa Cruz Biotech; Zhu et al., 2015 36 Cat#sc-201053

Rolipram Tocris; Zhu et al., 2015 36 Cat#0905

SP600125 Tocris; Zhu et al., 2015 36 Cat#1496

Matrigel BD Biosciences Cat# 354230

N-2 supplement (N2), 100× Life Technologies Cat#17502-048

B-27 serum-free supplement, (50×) Life Technologies Cat#17504-044

B27 Supplement without VitA (50 x) Life Technologies Cat#12587-010

A83-01 Stemgent; Zhu et al., 2015 36 Cat#04-0005

CHIR99021 Tocris; Zhu et al., 2015 36 Cat#4423

Thiazovivin Stemgent; Zhu et al., 2015 36 Cat#04-0017

β-Mercaptoethanol, (55mM; 1,000×) Life Technologies; Zhu et al., 2015 36 Cat#21985-023

All-trans retinoic acid (RA) Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# R2625

SB431542 Stemgent; Method described 

in Douvratas et al., 2015 36

Cat# 04-0010

LDN-193189 Stemgent; Method described 

in Douvratas et al., 2015 36

Cat#04-0074

Smoothened agonist (SAG) Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat#566660

Recombinant human PDGF-AA, CF R&D Systems; Method described 

in Douvratas et al., 2015 36

Cat#221-AA-050

Recombinant human IGF-I, CF R&D Systems; Method described 

in Douvratas et al., 2015 36

Cat# 291-G1-200

Recombinant human HGF R&D Systems; Method described 

in Douvratas et al., 2015 36

Cat# 294-HG-025
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Neurotrophin 3 (NT3) EMD Millipore; Method described 

in Douvratas et al., 2015 36

Cat# GF031

Insulin solution, human Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# 19278

Biotin Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# 4639

N6,2 ′ -O-Dibutyryladenosine

3 ′ ,5 ′ -cyclic monophosphate 

sodium salt (cAMP analog)

Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# D0260

3,3,5-Triiodo-l-thyronine (T3) Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# T2877

All-trans retinoic acid (RA) Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# R2625

L-Ascorbic acid (AA) Millipore-Sigma; Method described 

in Douvratas et al., 2015 36

Cat# A4403

Poly-l-ornithine hydrobromide Millipore-Sigma Cat# 3655

Critical commercial assays

Calcein Blue, AM – live cell assay Invitrogen – Psychosine Cytotoxicity 

Assay (this paper)

Cat#C1429

Ethidium Homodimer III (EthD-III) – 

dead cell assay

Biotium TM – Psychosine Cytotoxicity 

Assay (this paper)

Cat#40050

2 ′ -(4-Ethoxyphenyl)-5-(4-methyl-1-

piperazinyl)-2,5 ′ -bi-1H-benzimidazole 

trihydrochloride

Millipore-Sigma Cat#14533

Deposited data

Raw data shown in figures and 

supplemental materials

This paper; Mendeley Data https://data.mendeley.com/preview/ 

z43j2xrhy3?a=bf4f26b8-bd0c-4bcf-

99e5-0ea7ec968b5c

Experimental models: Cell lines

Murine: neuroglial cell line This group. Described in Ribbens 

JJ et al. 2014

145M-Twi

Murine: neuroglial cell line This group. Described in 

Ribbens JJ et al. 2014 24

145C-WT

Human-induced stem cells (hiNSC) This paper. Method described 

in Zhu et al., 2015 36

hiNSC-LOKD

hiNSC-EOKD

hiNSC-CTRL

hiNSC-derived oligodendrocytes This paper. Method described 

in Douvratas et al., 2015 36

hiNSC-Oligo-LOKD

hiNSC-Oligo-EOKD

hiNSC-Oligo-CTRL

Human: Primary fibroblasts Krabbe 

disease patient

This paper. h-LOKD

h-EOKD

h-CTRL

Experimental models: Organisms/strains

Mouse: B6.CE-Galctwi/J (Twitcher) The Jackson Laboratory Strain #:000845 

RRID:IMSR_JAX:000845

Mouse: C57BL/6J (Wild type) The Jackson Laboratory Strain #:000664 

RRID:IMSR_JAX:000664

Oligonucleotides

qPCR Oligos: Myelin-Associated 

Glycoprotein (MAG) (MAG Fwd.: 

TCTGGATTATGATTTCAGCC;

MAG Rev: GTAGAAACGGTTTTCACCAA)

This paper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Primary fibroblasts were established from skin biopsies of individuals with or without a diagnosis of KD and healthy controls, under a 

local IRB-approved protocol at Columbia University Irving Medical Center in New York, NY (IRB#AAAU-0109). Cell lines were pre-

viously authenticated by morphological and classical markers. Cells were cultured in T75 cm 2 flasks, subsequently trypsinized, 

and re-seeded into 96-well tissue culture plates for further experiments. The cells were cultured in DMEM (Sigma-Aldrich, 

D6546), high glucose supplemented by 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S; 100 μg/mL). For the ex-

periments, lower passage numbers were used (< 6 passages).

The neuroglial 145M-Twi and 145C-WT obtained from neonatal cortices from Twi Galc twi/twi and wild-type C57BL6 Galc wt/wt mice, 

respectively, were cultured in DMEM/F12 with 10%FBS and 1% PS, as previously authenticated, and described by our group. 24 The 

human-induced stem cells (hiNSC) were established from KD patient-derived primary fibroblasts, as previously described by Zhu 

and Ding, 2015. 37 The hiNSCs were then used to differentiate into cultured oligodendrocyte-progenitor cells (OPCs), as described 

in Douvratas et al. 2015. 40 These iNSC KD Oligodendrocytes were isolated by centrifuging the cell suspension into a 15% bovine 

serum albumin (BSA; Sigma-Aldrich, A3294) cushion for 10 minutes at 1000 rpm. Cells were then resuspended in DMEM: F12 sup-

plemented with 1% P/S, 2× B27 (Invitrogen, 0080085SA), 2 mM L-glutamine (L-Glu; Invitrogen, 25030024), and 50 ng/mL nerve 

growth factor (NGF; Merck Millipore, 01-125).

All cell lines were tested routinely for mycoplasma contamination.

Animals

Wild type (WT, Galc wt/wt ) and Twitcher (Twi, Galc twitwi ) mice were identified via PCR, as previously described, 92 and all were main-

tained on a C57BL/6J background. Males and females were used in the described experiments and randomly assigned to different 

treatment groups. Neonatal Twi mice (postnatal day, PND, 2-3) were treated with 2-hydroxypropyl-α-CD (HPaCD), which was pre-

pared in PBS at a final concentration of 300 mg/mL. Starting at postnatal day (PND) 2-3, Twi mice were injected intraperitoneally (i.p.) 

every day (5000 mg/kg) with either HPaCD or vehicle (PBS) and euthanized at PND 36-38 (n=12 for each condition). The intraperi-

toneal (i.p.) injections were delivered using a 28G insulin syringe. After treatments, the mice were returned to their home cage 

with their mother. Any treated mice that died within 2 days of the injections were excluded from this study. Animals were monitored 

twice weekly until PND 36-38, and health condition parameters were scored, including weight loss, natural/provoked behavior, and 

activity level. Natural behavior was assessed by observing the animal in its home cage, where it exhibited normal mobility. Animal

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

qPCR Oligos: Oligodendrocyte-Specific 

Protein (OSP) (OSP Fwd.: ACTGCT 

GCTGACTGTTCTTC; OSP Rev.: 

GTAGAAACGGTTTTCACCAA)

This paper N/A

qPCR Oligos: Oligodencrocyte-2 

(Oligo2) Fwd.: GCAGAGCACTGC 

ACTTGACTTCTT; Oligo2 Rev.: 

CTTCTGCAGTGCGGTT

CCTG)

This paper N/A

Recombinant DNA

Episomal Plasmids: pCXLE-hOCT3/4-

shp53 for primary conversion to iNSC

Addgene; Described in 

Zhu et al. 2015 36

cat# 27077

Episomal Plasmids: pCXLE-hSK for 

primary conversion to iNSC

Addgene; Described in 

Zhu et al. 2015 36

cat# 27078

Episomal Plasmids: pCXLE-EGFP for 

primary conversion to iNSC

Addgene; Described in 

Zhu et al. 2015 36

cat# 27078

Software and algorithms

AxonDeep Seg - v5.1.1 (2025-07-02) 

AxonDeepSeg is an open-source software 

using deep learning and aiming at 

automatically segmenting axons and 

myelin sheaths from microscopy

images. It performs multi-class

semantic segmentation using a 

convolutional neural network.

Zaimi A et al. 55 To reach lead 

contact for raw files on the 

images of morphometric 

analysis.

https://axondeepseg.readthedocs.io/en/

latest/documentation.html
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work in this study was performed following approved protocols and ethical guidelines from the Institutional Animal Care and Use 

Committee at the Columbia University Irving Medical Center in New York, NY (Protocol#AC-AABP7562). The experimental proced-

ures were conducted in accordance with the ARRIVE guidelines.

METHOD DETAILS

Cell survival assay

PSY used for cytotoxicity experiments was purchased from AvantiResearch (Galactosyl(ß) Sphingosine (d18:1); C 24 H 47 NO 7 ; MW 

461.63). To confirm the cytoprotection effects of HPaCD, the calcein AM Blue (blue live-cell stain)/ethidium homodimer III 

(EthD-III; red dead-cell stain) cell survival assay was used to precisely ascertain the number of live and dead cultured fibroblasts 

pre-treated with HPaCD, followed by PSY challenge (Figure 2A). The non-fluorescent calcein AM permeates the intact fibroblast 

membrane and is converted into the fluorescent calcein by intracellular esterases. 33 Thus, live primary cultured fibroblasts are indi-

cated by the intensity of blue fluorescence in the cytosol (ex360 nm/em 445 nm). EthD-III is virtually nonfluorescent and impermeant 

to an intact fibroblast plasma membrane. In the event of compromised cell membrane integrity associated with cell death, EthD-III 

enters cells, and binds to nucleic acids, resulting in red fluorescence in dead cells (ex 530 nm/em 645 nm).

Synthesis of FITCαCD

The fluorescent FITC-αCD conjugate 6 (PZ11081) was synthesized according to the scheme in Figure S3, using commercially avail-

able α-CD (1) as the starting material. By following previously described procedures, 93 αCD (1) was first monotosylated at one of the 

6-positions, to afford the desired 6-monotosylate intermediate 2. Then the 6-tosyl leaving group was displaced with sodium azide in 

N,N-dimethylformamide at 80 ◦ C to obtain the corresponding mono-6-azido-6-deoxy-αCD (3), which was reduced by a catalytic 

hydrogenolysis using 5% Pd/C as a catalyst to obtain the desired mono-6-amino-6-deoxy-α-CD (4). With the key compound 4 in 

hand, we carried out a final conjugation with the commercially available fluorescein-isothiocyanate isomer I (5, 2.0 equiv. per amine) 

in N,N-dimethylformamide in the presence of sodium bicarbonate as a base. After stirring overnight, the desired FITC-αCD conjugate

6 (PZ11080) was isolated by reverse-phase column chromatography on C18 in 54% yield.

Regarding the experimental steps numbered and depicted in Figure S3, to A solution of mono-6-amino-6-deoxy-αCD (4, 50 mg, 

0.051 mmol) 93 in N,N-dimethylformamide (1.0 mL), was added NaHCO 3 (22 mg, 0.26 mmol) followed by fluorescein isothiocyanate 

isomer I (40 mg, 0.103 mmol). The reaction was stirred at room temperature overnight and then concentrated in a vacuum. The crude 

residue was purified by reverse-phase chromatography on C18 using a gradient of H 2 O - MeOH (0% →50%, v/v) as the eluent to yield 

the fluorescent FITC-αCD 6 (38 mg, 54%). 1 H-NMR (400 MHz, D 2 O) δ 7.64 – 7.51 (m, 2H, Ar), 7.28 (d, J = 8.2 Hz, 1H, Ar), 7.16 (dd, J = 

9.8, 7.0 Hz, 2H, Ar), 6.55 (m, 4H, Ar), 5.04 (d, J = 3.6 Hz, 1H, H-1), 5.01 – 4.88 (m, 4H, 4 × H-1), ∼4.73 (overlapped with HDO, 1H, H-1) 

4.38 – 3.20 (m, 36H, 6 × H-2, 6 × H-3, 6 × H-4, 6 × H-5, 6 × H-6a, 6 × H-6b). HRMS (ESI-QTOF) calc’d m/z for C 57 H 73 N 2 O 34 S (M+H] + : 

1361.3765; found: 1361.3706. Calc’d m/z for C 57 H 72 N 2 O 34 SNa (M+Na] + : 1383.3585; found: 1383.3544.

Plasma stability and CNS biodistribution of FITC-labeled αCD

In vivo stability and CNS biodistribution of the FITC-labeled αCD were conducted in the Twi Galc twi/twi mouse line. Six mice (3 males 

and 3 females) at 30 postnatal days (PND) were used for the experiment. A 50 mg/kg dose of the FITC-labeled αCD was administered 

intravenously (IV) to the six mice. For the PK sampling, blood samples were collected at times 0, 1, 2, 4.5, and 24 hrs post-single dose 

administration. As previously described, the blood samples were collected by retro-orbital punctures and the final (post-24 h) through 

intracardiac puncture. 94 A 500-800 mL volume of blood/mouse was collected in a sodium heparin tube. The mice were euthanized, 

and their whole bodies were perfused with heparinized saline (0.9% NaCl with 10,000 IU/L of heparin). The brains were homogenized 

by adding 750 mL PBS solution, and the homogenates were centrifuged at 10,000 rpm for 20 min at 4 ◦ C. Plasma samples were 

diluted 1:5 in PBS. From each sample, 100 mL per well of brain supernatants and 100 mL of diluted plasma were placed into black 

solid-bottom 96-well plates, and the fluorescence intensities (ex 488/em 530) were measured by Cytation5 (multifunctional plate 

reader as described above. The protein content of the brain homogenates and 1:5 diluted plasma samples was determined by 

BCA protein assay (Thermo Scientific, Rockford, IL, USA). The FITC-labeled αCD content of the samples was normalized to the tissue 

protein content.

Animal motor and neurobehavioral tests

For the neurobehavioral assessments, mice were divided into three groups: HPaCD-treated (n=12; 6 males, 6 females), vehicle-

treated (n=12; 6 males, 6 females), and wild-type (n=4). Figure 7A depicts the sketch of the study plan.

Automated home cage murine monitoring

The Digital Ventilated Cage (DVC) system (Tecniplast SpA, Italy) allows for continuous recording of home cage locomotor activity. 54 

The study used black Individually Ventilated Cages (IVCs) equipped with individual cool white LED system known as Leddy. As per 

DVC protocol guidelines, a set of 2 cages, each housing two animals from the same cohort – either HPaCD-treated, vehicle-treated, 

or WT - were housed in each IVC for 7 days from PND 23 to 29. Another cage with one mouse from each group was also prepared. A 

total of 5 mice from each treatment and the WT group were analyzed. Each IVC was positioned on a capacitive sensor board featuring
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12 evenly spaced electrodes. The sensor board detected the presence of an animal by monitoring changes in capacitance across 

electrodes, primarily due to the animal’s physiological composition (70% water) and movement. Subsequently, an Animal Locomo-

tion Index (ALI) was calculated. This is based on the number of electrodes activated, with 0% = no electrodes and 100% = all 12 

electrodes simultaneously activated within the time bin. The DVC Analytics platform provides real-time access to the data for visual 

inspection and download. The system default minimum activity binning was set to 1 min. Daily welfare evaluations were performed, 

with the cages being removed from the rack for animal inspection for less than 5 minutes.

Rotarod test

Motor learning was assessed using a mouse-accelerating RotaRod (Ugo Basile) as previously described. 95 Mice were placed on the 

rotating drum that accelerated from 5 to 40 rpm over 5 minutes. Mice were tested for three trials a day for two consecutive days, as 

shown in Figures 7E and 7F. The inter-trial interval was one hour. Rotarod scores were used to measure latency to fall or ride the rod 

for all three cohorts.

Open-field evaluations

The Open Field is the most used test for spontaneous exploratory activity in a novel environment, incorporating measurements of 

locomotion. 96 The Open Field test was performed following previously described protocols. 97 Exploration was monitored during a 

60-minute session with Activity Monitor Version 7 tracking software (Med Associates, Inc.). Briefly, each mouse was gently placed 

in the center of a clear Plexiglas arena, measuring 27.31 x 27.31 x 20.32 cm (Med Associates, ENV-510), lit with dim light (approx-

imately 5 lux), and allowed to ambulate freely. Infrared (IR) beams embedded along the arena’s X, Y, and Z axes automatically track 

distance moved, horizontal movement, vertical movement, stereotypies, and time spent in the center zone. Data are analyzed in six 

10-minute time bins. Arenas are cleaned with 70% ethanol and thoroughly dried between trials.

Catwalk

The murine free-pacing gait analysis was performed and evaluated using the Catwalk XT system (Noldus Information Technology), 

which consists of an illuminated walled glass walkway (130 cm x 10 cm) and a high-speed camera underneath, as previously 

described. 98 When downward pressure is applied, light is reflected, illuminating the stimulus (i.e., the footprint). Walking patterns 

are captured with a high-speed camera mounted underneath the walkway. The experiment was done with dim room illumination 

(30 lux). The mouse can traverse the walkway as many times as needed to obtain at least three compliant runs (runs with a speed 

variation under 80% in 20 seconds or less). Pilot experiments using a 60% speed variation limit (most common in the literature) 

proved too stringent for most heterozygous mice. Parameters automatically collected by the software include but are not limited 

to paw statistics, intensity measures, stride length, width, the base of support, the distance between ipsilateral prints, cadence,

% limb support, regularity index, speed, and speed variation. A highly trained experimenter visually inspected all automatically 

scored runs and manually classified any prints that were too ambiguous for the software to identify accurately.

Acoustic startle response

The acoustic startle response was tested using the SR-LAB Startle Response System with SR-LAB software (San Diego Instruments, 

San Diego, CA), as described previously. 99 Test sessions began by placing the mouse in the Plexiglas holding cylinder for a 5-minute 

acclimation period. For the next 8 min, mice were presented with each of six trial types across six discrete blocks of trials for 36 trials. 

The intertrial interval was 10–20 s. One trial type measured the response to no stimulus (baseline movement). The other five trial types 

measured startle responses to 40 ms sound bursts of 80, 90, 100, 110, or 120 dB. The six trial types were presented in pseudorandom 

order such that each trial type was presented once within a block of six trials. Startle amplitude was measured every 1 ms over a 

65 ms period beginning at the onset of the startle stimulus. The maximum startle amplitude over this sampling period was taken 

as the dependent variable. A background noise level of 70 dB was maintained throughout the test session.

Survival analysis

The survival analysis was performed in a separate cohort of animals (n=10 and 16 mice/group). Lifespan was recorded as the age in 

days of each mouse on the date of death or euthanized due to humane endpoints when they became moribund. This late disease 

stage is defined as the point at which the mouse exhibits one of the following: complete limb paralysis and inability to move; 

>25% of maximal body weight lost; inability to eat or drink; lack of response to tactile stimuli. Mice were euthanized by carbon dioxide 

(CO 2 ) inhalation followed by cervical dislocation as per local IACUC protocol guidelines. Regarding animal numbers, 16 Twi mice/ 

group (8M; 8F) were used. Survival analysis was performed using the Log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests, 

with p-values of 0.0081 and 0.0044, respectively.

NMR experiments

For the screening of the CD derivatives that show stronger interactions with PSY, the 1 H-NMR samples contained 0.333 mL of buffer 

(0.2 M K 2 HPO 4 /0.2 M KHPO 4 , pH not adjusted) in D 2 O, 17.5 mL of CD 3 OD, 50 mM of PSY, and 70 mM of CD analog. Spectra were 

recorded on an 800 MHz Bruker AVANCE III spectrometer equipped with a TCI-HCN cryoprobe. All the spectra were recorded at 

300 K, and the temperature was calibrated to be the exact value of the sample space. To observe the relatively weak peaks from
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PSY close to the HOD peak at 4.7 ppm, an excitation sculpting water suppression scheme was employed, as previously 

described. 100 The water suppression bandwidth was optimized to 250 Hz. For each spectrum, 360 scans were acquired with 64K 

points in the time domain for an effective acquisition time of 4.0 s per scan, with a recycle delay of 1 s. The total acquisition time 

for each sample was approximately 30 minutes. The time-domain data were Fourier transformed with a digital size of 128K after 

applying an exponential window with a 1 Hz line broadening factor. For the 1 H-NMR titration experiment, using the HPaCD (average 

DS: ∼3.6, average MW: ∼1180) as a titrant, a solution of PSY (1.0 mg) was dissolved in 1.0 mL of D 2 O, achieving 2.2 mM concen-

tration. The 1 H-NMR spectrum of this solution was recorded on a Bruker Advance 400 MHz NMR instrument. A titrant stock solution 

(6.6 mM) of HPaCD was then prepared by dissolving 7.8 mg of HPaCD in 0.1 mL of D 2 O. Aliquots of the titrant solution were then 

added to the PSY solution. After each addition, the mixture was thoroughly mixed, and the 1 H-NMR spectrum of the mixture was 

recorded. Adding specific volumes of the titrant stock solution (6.6. mM), seventeen concentrations, ranging from 0.1 to 3.0 Eq of 

HPaCD, were prepared with the solution containing 2.2 mM of PSY (Figure 4).

LC-MS/MS

Cerebrum, spinal cord, and sciatic nerve specimens from C57/BL6 Twitcher mice (Galc twi/twi ) and age-matched C57BL6 Galc wt/wt 

(WT) were dissected and homogenized in 9:1 (v/v) in methanol containing 2 ng/mL of galactosyl(β) Sphingosine-d5 

(AvantiResearch, #330714), which is a D 5 -psychosine deuterated-labeled used as an internal standard (IDS) for quantitative MRM 

measurements. 24 A Liquid-Chromatography Tandem Mass Spectrometry (LC-MS/MS) PSY quantification was based on a previous 

method. 39 An Acquity UPLC HSS C18 (2.1x100mm, 1.8um; Waters #186003533) on a Waters Acquity UPLC system was coupled to 

Waters Xevo TQS for LC-MS/MS measurements. The flow rate is 0.3ml/min, and the temperature of the column is 40 o C. The mobile 

phases comprised 0.1% Formic acid (mobile phase A) and acetonitrile containing 0.1% Formic acid (mobile phase B). The ESI (elec-

trospray ionization) source was operated in positive ion mode at 3 KV. The desolvation temperature was kept at 50 o C, and the des-

olvation gas flow was 1000L/h with cone gas at 150L/h. Multiple reaction monitoring (MRM) transitions were used to generate frag-

ment ions from precursor [M+H]+ ions, which are 462.41>282.34(PSY) and 467.4>287.4(d5-PSY). For each LC-MS/MS run, a 

calibration curve was performed using standard PSY (galactosyl(β) Sphingosine; AvantiResearch, #330715), ranging from 

2.56x10 -5 to 10 ng/mL, diluted with the lipid extraction solution containing 2 ng/mL ISD. The calibration curve was used in 

MassLynx 4.1 software for data analysis. The dry weight of the specimens and the total body weight of the mice were used to stan-

dardize the PSY measurements for each specimen. Plasma, urine, and stool specimens collected from Twi and WT mice were ex-

tracted by homogenization in 9:1 (v/v) methanol containing 2 ng/mL d5-PSY (AvantiResearch, #330714). For all samples, after proper 

weighing, the specimens were placed in soft tissue homogenizing mix 2(OMNI#19-627)- or 7-mL(OMNI# 19-374) tubes, containing 

1.4 mm ceramic beads. The BEAD RUPTOR 4 homogenizer (OMIN#SKU: 25-010) was used.

Urinary clearance of PSY

According to the principle of renal clearance outlined previously, 101,102 clearance is defined as the volume of plasma completely 

cleared of a substance per unit of time and is calculated as follows: Cl = (U psy × V)/P psy. C is the clearance (μL/min) for PSY in 

this case. U is the urine concentration of PSY. V is the urine flow rate (volume of urine per unit of time; here used as μL/min); P is 

the plasma concentration of the substance.

Neuropathology specimen preparation and assay allocation

Each animal treated with HPaCD and vehicle-only has its brain, spinal cord, and sciatic nerves harvested at PND 36-38. A total of 12 

(six males and six females) were used per treatment cohort, which included the HPaCD and vehicle treatment mice. Before harvesting 

organs, mice underwent body perfusion preceded by anesthesia with isoflurane at 4-5% concentration using an induction chamber. 

After deep plan anesthesia was achieved, the mouse thoracic cage was opened, exposing the right ventricle, to which an incision was 

made with an iris scissor. Subsequently, a 25-gauge needle, connected to a peristaltic pump via silicon tubing, was inserted into the 

left ventricle. The perfusion was performed with cold PBS (∼4 ◦ C) containing 10,000 units/L of heparin. The solution was infused 

continuously using a syringe pump at an infusion rate of 1.2-1.5 mL/h for 10 minutes, as previously described. No perfusion fixation 

solution was used as part of the samples harvested, as some of the specimens would undergo total lipid extraction for PSY measure-

ments. Other specimens were used for immunohistochemistry assays and scanning electron microscopy (SEM). One cerebrum 

hemisphere was processed for immunohistochemistry assays and fixed by immersion in 4% paraformaldehyde (PFA) in phos-

phate-buffered saline (PBS; pH 7.4) for one day and processed in a sucrose gradient as previously described. 7 To determine PSY 

levels, the other brain hemisphere, one sciatic nerve, and half of the spinal cord segment were snap-frozen after dissection, and their 

dry weight was recorded for standardization of PSY measurements. These specimens underwent total lipid extraction using meth-

anol with 2 ng/mL of D5-PSY standards. For the sciatic nerves, the contralateral sciatic nerve underwent fixation and preparation for 

scanning electron microscopy, as described below.

Brain sections and immunofluorescence staining

For the immunofluorescence, snap-frozen brain specimens were cryosectioned at 14-16 uM and mounted to regular Superfrost 

slides (Fisher). The immunofluorescence staining was performed using cold PFA 4% (∼4 ◦ C) in PBS for fixation for 20 minutes, fol-

lowed by permeabilization with 0.1% Triton-X in phosphate saline (PBS) buffer, 60 minutes of blocking with 5% goat serum in PBS
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before incubation with primary antibodies overnight. 7 The slides were washed three times with PBS before loading the secondary 

antibody for 4 hours. The slides were mounted with ProLong TM Gold (cat.# P36934). The following primary antibodies were used: 

rabbit anti-glial fibrillary acidic protein (GFAP; Encor, catalog#RPCA-GFAP), and goat anti-myelin basic protein (MBP; Encor, cata-

log# GPCA-MBP). The following secondary antibodies were used: F(ab’)2 fragment AlexFluor 488 donkey anti-rabbit (Jackson Labs; 

cat.# 711-546-152); F(ab’)2 fragment AlexFluor 594 donkey anti-goat (Jackson Labs; cat.# 705-586-147). Images were captured us-

ing the Cytation 5 imaging instrument (Agilent, Santa Clara, CA).

Electron microscopy and morphometric analysis

One of the dissected sciatic nerves from each mouse was incubated overnight in 4%PFA/2.5% glutaraldehyde in PBS and then 

transferred to sodium phosphate 10 mM containing 0.02% sodium azide for storage at 4 ◦ C until processing. After being postfixed, 

sciatic nerves were dissected and further treated for epoxy resin embedding as previously described. 59,103 Nerves were removed and 

postfixed in the same fixative for 2 hours at room temperature, then at least 72 hr at 4 ◦ C with gentle agitation. Samples were washed 

in 0.1 M sodium cacodylate and post-fixed for 2 hrs in 1% osmium tetroxide (Electron Microscopy Science, EMS, PA) in 0.1 M sodium 

cacodylate. Nerves were then dehydrated in increasing concentrations of ethanol followed by propylene oxide (PO, EMS), infiltrated 

with PO:EMbed 812 (EMS), and embedded in 100% EMbed 812 (EMS). Tissue blocks were sectioned on a Leica UC6 ultramicrotome 

(Leica, Wienna, Austria) at a thickness of 1 μm for semithin and stained with 1% toluidine blue to check the quality of the sample. 

70 nm ultrathin sections were placed on 2 x 1 mm copper slotted formvar grids (EMS) and counterstained with 3% uranyl acetate 

in 50% methanol for 20 min, followed by lead citrate for 5 min. Large tilescans of entire nerve cross sections were acquired using 

a Zeiss Gemini300 FESEM (Carl Zeiss Microscopy, Oberkochen, Germany) in STEM mode with acceleration at a voltage of 20kV. 

For the morphometric analysis, AxonDeepSeg, developed at the NeuroPoly Lab, Polytechnique Montreal, University of Montreal, 

Canada, is an open-source software that utilizes deep learning to segment axons and myelin sheaths from microscopy images auto-

matically. 58 Using the TEM images captured, the G-ratio parameters, including the inner axon diameter to the outer diameter of the 

myelinated fiber, were measured in individual myelinated axons and calculated as previously described. 70 This is the only axon 

morphometric parameter that was not calculated using the AxonDeepSeg analysis software.

TNFα ELISA

Sciatic nerve lysates were harvested and processed using RIPA buffer. TNFα levels were measured using the TNFα Human High 

Sensitivity ELISA (BMS223HS; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The total protein content in cell lysates 

was quantified using the bicinchoninic acid assay (BCA). Cell cytokine release was expressed in pg of TNFα/mg of protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism v10.4.1(532) (GraphPad Software, LLC). Multiple comparisons were per-

formed to assess statistical significance. When uniform variance of the results was identified by Bartlett’s analysis (p<0.05), one-way 

analysis of variance (ANOVA) was used to test for statistically significant differences. When significant differences (p < 0.05) were 

identified, the results were further analyzed by Dunnett’s or the Tukey–Kramer multiple range test to determine the significance of 

differences between the groups. Where uniform variance of the results was not identified, non-parametric multiple comparisons 

were performed—after confirming significant differences (p<0.05) using Kruskal-Wallis analysis, the differences were examined 

by applying Dunn’s multiple comparison test. Two-way ANOVA was performed to evaluate statistical significance. When significant 

differences (p < 0.05) were identified, the data were further analyzed using Dunnett’s multiple comparison test. Figure legends indi-

cate sample sizes, and significance was defined as p-value*<0.05, p**<0.01, p***<0.001, p****<0.0001, ns: non-significant. 

Regarding rigor and reproducibility, the number of replicates and statistical analyses were reported in the figure and table legends, 

supplementary information, and source data files. All comparisons were planned in advance of each experiment, based on previously 

published studies. Statistical methods were used for power analyses to estimate the number of animal subjects required for in vivo 

experiments. Based on previous studies, the murine cohort size calculations were used to determine the number of subjects required 

for α=0.05 and β=0.9, variability of the endpoint examinations (e.g., PSY levels, neurobehavioral assessments, etc), and specific infer-

ential statistical analyses. Outlier data were not excluded from the analysis. For the neurobehavioral evaluations, mice that did not 

complete the treatment for different reasons were excluded from the analysis and results presented. The data were replicated using 

technical and biological replicates, with a minimum of three. The figure legends and supplementary information contain the informa-

tion. The researchers who performed in vivo studies, including drug/vehicle administration, were blinded to the cohort assignment.
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